We study plasmonic waveguides with dielectric cores and hyperbolic multilayer claddings. The proposed design provides better performance in terms of propagation length and mode confinement in comparison to conventional designs, such as metal-insulator-metal and insulator-metal-insulator plasmonic waveguides. We show that the proposed structures support long-range surface plasmon modes, which exist when the permittivity of the core matches the transverse effective permittivity component of the metamaterial cladding. In this regime, the surface plasmon polaritons of each cladding layer are strongly coupled, and the propagation length can be on the order of a millimeter. 
Introduction
Photonic integrated circuits can provide higher bandwidth and smaller power consumption in comparison to their electronic counterparts [1] . Conventional dielectric waveguides have been developed for many years and were shown to be favorable for passive guiding of light [2] . As a next step, efficient active devices, such as nanolasers, modulators, and photodetectors are to be designed [3, 4] . The addition of metallic components into active devices can bring additional benefits such as providing electrodes for applying bias, injecting carriers, or transferring heat. Furthermore, the metal structures can support surface plasmon polaritons (SPPs), hence, providing high confinement of electromagnetic field along metal-dielectric interface. The highly confined fields can enhance the interaction between an active medium and propagating light [5] . Multilayer metal-dielectric structures are of particular interest, because they support plasmon-polariton waves with extremely small effective wavelength [6, 7] .
Multilayer metal-dielectric structures with hyperbolic dispersion, so called hyperbolic metamaterials (HMMs), have received significant interest of late [8] [9] [10] [11] [12] [13] [14] . Various plasmonic waveguides comprised of a multilayer core and a dielectric cladding or a multilayer cladding and a dielectric core, including multilayers with hyperbolic dispersion, have been analyzed [15] [16] [17] [18] [19] [20] . It was shown that even a non-optimized design of a dielectric core and HMM claddings with a small metal filling ratio [HIH waveguide, Fig. 1(a) ] was able to attain performance unachievable with the conventional plasmonic waveguides (metal-insulatormetal and insulator-metal-insulator) [19] .
Here we theoretically demonstrate a special regime of SPP propagation, which can be achieved only in the waveguides with HMM layers (one or two HMM-dielectric interfaces) provided that the transverse component of the HMM effective permittivity εyy matches the permittivity of dielectric ε c . This matching of permittivities (and consequently mode indices of each separated layer) enables resonant coupling of the modes at the HMM-dielectric interface and consequently long-range propagation of SPPs (LR-SPPs) in the waveguide.
Previously, long-range propagation was studied either for a thin metal film (e.g [21] . and references there) or a thin metal-dielectric stack [15] . In both cases, long-range modes arise from the coupling (often referred to as hybridization) of the SPP mode on each interface (metal-insulator or multilayer-insulator). If the thin metal film is surrounded by the same dielectric ε d , SPPs on both metal-dielectric interfaces are resonantly coupled, and the LR-SPP propagates with the effective mode index
It should be mentioned that there is no analogue of such long-range regime for the SPPs propagating along a conventional single metal-dielectric interface, as the indices of the materials could not be matched. In contrast, the HMM layer can be designed to possess the required permittivity components along the propagation and transverse directions. Thus, the transverse component of the effective permittivity tensor can be easily matched with the permittivity of the core, so that resonant coupling can be achieved. To the best of our knowledge, the regime of long-range propagation of SPP mode at HMM-dielectric interface was neither proposed nor studied.
In this paper, we analyze both HMM-dielectric single interface and HMM-insulator-HMM (HIH) plasmonic waveguides and propose an approach to significantly increase the propagation length, while keeping the mode size at a reasonable level. In particular, we study the HIH waveguide with silver-magnesium-fluoride (Ag/MgF 2 ) multilayer claddings [ Fig.  1(b) ] and show a propagation length of 0.8 mm at 1.55 μm can be achieved for the waveguide with a 300 nm and 1 μm thickness of its core and cladding, respectively. Following this analysis, Section 2 presents a study of the single HMM-dielectric interface built on the effective medium theory and the existence of long-range propagation of SPPs at the interface is demonstrated. Section 3 discusses the HIH plasmonic waveguide propagation length and mode confinement for the LR-SPP regime. We summarize the paper in Section 4. In the Appendix, we consider in more details the conditions for SPP mode localization and existence of long-range regime in the case of HMM-dielectric interface. In addition, we show analytical derivations for HIH structure.
Single HMM-dielectric interface
First, we study the long-range regime in the effective medium theory [EMT, Fig. 1(c) ] approximation for the multilayer structure, which was shown to provide a reasonably good approximation [18, 19] . In this approximation, the cladding can be modeled as a semi-infinite homogenous hyperbolic medium with effective-permittivity tensor components . EMT calculations are performed in the same way as described in [19] . Wavelength λ 0 is chosen to be 1.55 μm (C-band telecom standard) and is fixed throughout the paper. We study a Ag/MgF 2 multilayer material with a filling ratio 0.2, r = as such combination was shown to be promising for plasmonic multilayer structures including negative index materials [22, 23] . As metal and dielectric materials, we have chosen silver and MgF 2 , the former because of its low loss, m Alternatively, the matching can be achieved by adjusting the metal filling ratio of the HMM, i.e., tuning ε yy . Here for simplicity we consider an infinitely wide (1D) waveguide. In a finitewidth (2D) waveguide, we expect to observe additional transverse resonances, which were discussed in our previous work and should be avoided [18] .
As a first step, we studied SPPs at a single HMM-dielectric interface, and in particular, we analyze dependences of propagation length and penetration depth on the dielectric permittivity ε c . The SPP wave is set to propagate in z-direction. Inside HMM the wavevector 
where k y,diel is a y-component of the wavevector in dielectric. For a single interface of dielectric and HMM layer [ Fig. 2(a) ], the complex propagation constant is defined as
For the mode to be confined to the HMM-dielectric interface, the y-component of the propagation constant should satisfy the conditions: 
HIH plasmonic waveguide
As a next step, we consider an HIH waveguide, which consists of a finite-size dielectric core cladded on both sides with HMMs. The conditions for long-range propagation are expected to be the same as for a single HMM-dielectric interface. However, the mode confinement of the HIH waveguide is anticipated to be increased. In this case, the expansion of the mode causes a strong coupling of the SPP on both HMM-dielectric interfaces, and for c Re[ ], yy ε ε > HIH waveguide mode under consideration is symmetric, which means that E y and E z are symmetric and antisymmetric in respect to waveguide center plane, correspondingly. In general, multilayer metal-dielectric structure has been previously shown to support a variety of different plasmonic modes with rather complicated field profiles [15] Further, we study the case of finitely-thick layers and finitely-thick cladding. The thicknesses of the metal and dielectric layers are chosen to be d m = 2 nm and d d = 8 nm, respectively, and the total thickness of the multilayer cladding from one side of the core is D = 1 μm. We perform our numerical simulations using a commercial finite element method (FEM) based eigenmode solver (CST Microwave Studio®) to calculate the complex propagation constant k z of the waveguide mode. The blue curve in Fig. 3(a) shows tendency similar to the EMT calculations, i.e. there is an increase in L when ε c approaches ε yy . The maximum of L is shifted to lower permittivity values and is several times lower (L max = 0.6 mm) in comparison to the case of semi-infinite EMT-approximated claddings. The reason for the maximum value existence is the following. When ε c approaches ε yy , the waveguide mode expands and finitely-thick cladding (D = 1 μm) starts to limit the mode. As a result, the solution is perturbed in comparison to the case of semi-infinite EMT-approximated cladding. It should be noted that in contrast to infinite cladding, in the case of finite thickness the solution does exist for c Re[ ]. Fig. 3(a) ] are similar to those in the previous case. The maximum of L for the "8/32 nm"-layer cladding is slightly lower and shifted more towards lower values of ε c , in comparison to "2/8 nm"-layer cladding. The similarity between the results obtained for "8/32 nm" and "2/8 nm" claddings [purple and blue curves in Fig.  3(a) ] suggests that layer thickness causes only slight modification. To analyze the role of mode coupling between interfaces, we performed calculations for a thicker core d = 300 nm [green and black curves in Fig. 3(a) ]. In this case, the multilayer claddings are placed further away, and the plasmon mode coupling inside the core is weaker than for the case of a thinner core with d = 50 nm. For c 2.3, ε < mode is confined to core- multilayer interface, and we observe the regime previously studied in [18, 19] place: modes on the both interfaces are highly hybridized, i.e. resonantly coupled, and the propagation length increases with an increase of d [maximum of the black curve is higher than the maximum of the blue curve in Fig. 3(a) ]. Both EMT and finite-size cases [green and black curves in Fig. 3(a) We calculate mode profiles to illustrate the long-range regime and the change of field distribution in the case of finite-thickness cladding (Fig. 4) . E y component of the mode field is symmetric in respect to the core center and has the same sign at the both sides of coremultilayer interface (symmetric-symmetric mode, Ss). Similar to E y , E z component of this mode does not change sign at the core-multilayer interface, but in contrast to E y , E z is antisymmetric in respect to the core center [ Fig. 4(a) ]. Thus, SPPs at both core-multilayer interfaces are coupled and enable long-range propagation. Detuning from the long-range regime c [ 1.7, ε = black curve in Fig. 4(a) ] causes the mode to become more confined. If the waveguide cladding is thin, e.g. D = 120 nm [blue curve in Fig. 4(b) ], the presence of the outer boundaries modifies the field significantly. Furthermore, similar to the case of metalinsulator-metal waveguide with thin layers [27] , HIH waveguide with the thin cladding layers supports several modes of various symmetry. It essentially differs from the case of the infinitely thick cladding, where only symmetric-symmetric mode is supported. For example, in Fig. 4(c) , we show the mode that is symmetric in respect to the core center, but changes sign at the core-multilayer interface (symmetric-antisymmetric mode, Sa). Although Sa mode has the highest confinement and provides the best conditions for field manipulation [27, 28] , the excitation of this mode in practical devices is problematic due to shorter propagation length and the antisymmetric mode profile. Finally, we study the role of cladding thickness D for fixed values of ε c [circle marks on the curves in Fig. 3 5 . The dependence of propagation length L on cladding thickness D for the HIH waveguide with parameters specified in the legend. For each line, the core permittivity ε c is fixed and corresponds to circle marks shown in Fig. 3(a) . Solid lines correspond to the maximums of the propagation length L max .
Conclusion
To summarize, we studied the properties of plasmonic waveguides with a dielectric core and multilayer metal-dielectric claddings that possess hyperbolic dispersion. We analyzed the waveguide properties by varying the dielectric-core permittivity ε c and calculating the propagation length for the multilayer structure with either 2/8-nm-or 8/32-nm-thick metaldielectric layers and corresponding EMT approximations. Results showed that the propagation length is drastically increased when ε c matches the ε yy -component of the HMM cladding. Finite thickness of the cladding limits propagation length, which is also consistent with behavior of LR-SPPs. Our analysis with realistic materials shows that a propagation length of 0.5-0.8 mm can be achieved in the HIH waveguides.
